P
resenilins, including two homologs, PS1 and PS2, function as the catalytic subunit of ␥-secretase, an intramembrane protease consisting of at least three other components: nicastrin (Nct), APH-1 (anterior pharynx-defective-1), and PEN-2 (presenilin enhancer-2) (1, 2). PS/␥-secretase is widely considered as a potential target for developing therapies against Alzheimer's disease, because it is critical for the generation of ␤-amyloid that is pivotal in Alzheimer's disease pathogenesis (3) . Besides cleaving ␤-amyloid precursor protein (APP), PS/␥-secretase has a wide spectrum of type I membrane protein substrates including Notch, ErbB4, CD 44, nectin-1␣, E-cadherin, and low-density lipoprotein receptor-related protein (1, 2) . Cleavage of Notch by PS/␥-secretase releases Notch intracellular domain (NICD), which can translocate into the nucleus and regulate downstream gene expressions that are important for development (4, 5) . However, the physiological roles of other intracellular domains (ICDs) cleaved by PS/␥-secretase from substrates other than Notch have yet to be determined. Several recent studies have suggested that APP ICD (AICD) has transactivation activity and can regulate transcription of multiple genes including APP, GSK-3␤, KAI1, neprilysin, and BACE (6) (7) (8) (9) . But this notion is still controversial (10) , primarily because the key evidence supporting the functions of AICD in transcriptional regulation has mainly come from in vitro experiments; a direct binding of AICD to the promoter of any given gene under physiological conditions has not yet been established.
Abolishment of PS/␥-secretase activity by targeted disruption of PS (11, 12) , nicastrin (13) , or APH-1 (14) genes in mice results in embryonic lethality with defects resembling those found in Notch-null mouse embryos (15, 16) , making it difficult to evaluate the additional physiological functions of PS/␥-secretase and its substrate metabolites in the adults. To circumvent this obstacle, alternative approaches have been applied, including the construction of a conditional double knockout (DKO) mouse model lacking both PS1 and PS2 expression in the postnatal forebrain (17) , the neuron-specific expression of human PS1 in PS1-null mice for rescue of lethality (18) , and the generation of mice with reduced PS gene dosage that are heterozygous for PS1 and null for PS2 (PS1 ϩ/Ϫ /PS2 Ϫ/Ϫ ) (19) . These studies have revealed that PSs play important roles in synaptic plasticity and neuronal survival, in tumorigenesis, and in hematopoiesis (17, 19, 20) . In the mouse model of the human PS1-rescued PS1-null mice, skin tumor phenotypes emerge during aging (20) . It has been suggested that enhanced ␤-catenin may be involved in skin tumorigenesis in these mice (20) . In addition, Nct heterozygous mice with 50% reduction of ␥-secretase have also been found to have increased risk of developing squamous cell carcinoma resembling that of human head and neck squamous carcinoma (P. Wong, personal communication). However, PS/␥-secretase deficiency may also distort other signaling pathways involved in tumorigenesis, which deserves further investigation.
EGF receptor (EGFR) is a protein tyrosine kinase that belongs to the ErbB/HER family. The level of EGFR has been found elevated in multiple tumor types, and overexpression of EGFR correlates with poor clinical prognosis and tumor resistance to chemotherapy. Hence, inhibition of EGFR is an important issue for cancer therapeutics (21) . However, anti-EGFR therapy shows its most common side-effect as skin toxicity because EGFR signaling is essential to normal keratinocyte biology such as cell cycle, proliferation, differentiation, and survival (22). Dysregulation of EGFR expression and activation has also been found to be involved in hyperproliferative skin diseases (23) . Because mice deficient in PS/␥-secretase activity tend to develop skin tumors, we investigated potential correlations between PS/␥-secretase and EGFR in the present study and found that PS/␥-secretase deficiency indeed results in an elevation of EGFR level in both the skin and the brain. More importantly, we demonstrate that PS/␥-secretase regulates EGFR through cleaving APP to release AICD generation, which directly binds to EGFR promoter and regulates EGFR gene expression.
Results and Discussion PS/␥-Secretase Deficiency Results in an Elevation of EGFR Level.
Mice with reduced PS gene dosage that are heterozygous for PS1 and null for PS2 (PS1 ϩ/Ϫ /PS2 Ϫ/Ϫ ) develop splenomegaly with severe granulocyte infiltration (19) . Interestingly, these mice also develop skin tumors during aging (Fig. 1A) , a phenomenon very similar to that found in the human PS1-rescued PS1-null mice (20) . We investigated the levels of EGFR in individual skin tumor samples from these mice. Our results showed that the steady-state level of EGFR inversely correlates with PS1 expression in the individual tumors (Fig. 1B) . To confirm that PSs indeed mediate the level of EGFR, we further analyzed brain samples of mice lacking both PS1 and PS2 expression in the postnatal forebrain (PS cDKO). These mice exhibit impairments in synaptic plasticity, memory and learning, and neuronal survival, suggesting essential roles of PSs in normal neuronal functions (17) . Similarly, we found that the levels of EGFR were dramatically increased in the brains of PS cDKO mice (Fig. 1C) .
The effect of PS deficiency on EGFR level was also manifested in the embryonic fibroblast cells derived from PS1/PS2 DKO (PS DKO) mice when compared with those derived from their littermate controls (PS WT). As shown in Fig. 2A Left, the level of EGFR in PS DKO cells was significantly higher than that in PS WT cells. Moreover, the elevation of EGFR in PS DKO cells can be reversed by the stable expression of exogenous human PS1 ( Fig. 2 A Right) , excluding the possibility of cell clonal variation and providing direct evidence that it is PS that regulates the cellular level of EGFR. To investigate whether PS/␥-secretase activity is required for regulating EGFR level, we treated PS DKO cells stably expressing pcDNA (PS DKO/ pcDNA, as control) or human PS1 (PS DKO/hPS1) with L-685,458, a potent PS/␥-secretase inhibitor. Treatment with L-685,458 had no effect on the levels of EGFR in PS DKO/ pcDNA cells in which ␥-secretase activity is absent. On the other hand, in PS DKO/hPS1 cells, L-685,458 treatment, which is known to increase APP ␤ C-terminal fragments resulting from impaired ␥-secretase activity, was able to cause an elevation of EGFR (Fig. 2B ). In addition, Nct knockout (KO) cells deficient of ␥-secretase activity (13, 24) exhibited a markedly increased level of EGFR, which can be reversed by exogenously overexpressing human Nct (Fig. 2C) . These results suggest that the observed up-regulation of EGFR is mediated by the deficiency of PS/␥-secretase activity.
In addition to its essential role in ␥-secretase activity, PS1 has been shown to regulate intracellular trafficking of a series of proteins such as APP, Nct, TrkB, and telecephalin (1) . Because activation of EGFR on the cell surface is triggered by binding to its ligand EGF, which in turn causes endocytosis of the receptor (25), we analyzed the level of EGFR in the plasma membrane in PS-deficient cells. Our results showed that the level of cell surface biotinylated EGFR was also elevated accompanied by the increased total level of EGFR in PS DKO cells (Fig. 2D) . The proportion of cell surface EGFR to the total EGFR in PS WT cells was greater than that found in PS DKO cells (Fig. 2D , lane 1 vs. lane 5 compared with lane 3 vs. lane 7), implicating reduced EGFR trafficking to the cell surface in the absence of PS, which is consistent with the established trafficking role of PS (1). The endocytic rates of EGFR upon EGF activation in PS DKO cells and the DKO cells expressing exogenous human PS1 were also determined and found to be unchanged [supporting information (SI) Fig. 6 and SI Methods], suggesting that PS deficiency does not affect endocytosis of EGFR.
PS/␥-Secretase Deficiency Increases Biosynthesis of EGFR.
The observed increase in the steady-state level of EGFR could be due to increased biogenesis, decreased degradation, or both. To address this issue, we performed pulse-chase experiments and found that after 5, 10, and 15 min of pulse-labeling, PS DKO/ pcDNA cells synthesized significantly higher levels of EGFR, as compared with PS DKO/hPS1 cells (Fig. 3A Top) . The catabolism patterns of EGFR in the absence and presence of PS1 were similar during various periods of chase after 15 min of pulselabeling, suggesting that PS/␥-secretase affects the biosynthesis rather than the degradation of the receptor (Fig. 3A Middle and Bottom). To investigate whether PS/␥-secretase affects EGFR biogenesis at the transcription level, we performed quantitative real-time PCR analysis and found a marked increase of EGFR mRNA in PS DKO cells (Ϸ9-fold) compared with that in PS WT cells (Fig. 3B) .
APP/AICD Regulates EGFR Level. APP is an important PS/␥-secretase substrate, and its proteolytic product ␤-amyloid plays a central role in Alzheimer's disease pathogenesis (3). The APP gene family also includes two additional members, APP-like proteins 1 and 2 (APLP1 and APLP2), but their physiological functions remain elusive. Mice deficient in the single APP family member exhibit negligible phenotype, whereas APP/APLP2 DKO mice (APP/APLP2 DKO) are early postnatal lethal, suggesting functional redundancy between APP family members (26) . All of the APP family members share a high degree of sequence conservation at their ICDs, implying important functions of this domain. Several recent studies have suggested that AICD has transactivation activity and can regulate transcription of multiple genes including APP, GSK-3␤, KAI1, neprilysin, and BACE (6-9). To explore the potential role of APP/AICD in the up-regulation of EGFR by PS/␥-secretase deficiency, we studied the cellular level of EGFR in APP/APLP2 DKO fibroblast cells and found a drastic increase of EGFR in APP/APLP2 DKO cells compared with a low level of EGFR in APP WT control cells. The elevation of EGFR can be reversed by stably expressing exogenous human APP into the APP/APLP2 DKO cells (Fig.  4A) , indicating APP's involvement in regulating EGFR.
We next tested which APP domain(s) or metabolite(s) was indeed responsible for regulating EGFR level. Overexpression of AICD suppressed the elevation of EGFR in APP/APLP2 DKO cells (Fig. 4B) , whereas overexpression of soluble APP␣ or treatment with ␤-amyloid failed to reduce EGFR level in the absence of APP/APLP2 (SI Fig. 7 and SI Methods). Multidomain protein Fe65 has been shown to interact with and stabilize AICD. Fe65/AICD complex has been postulated to translocate into the nucleus and bind to histone acetyltransferase Tip60; the Fe65/AICD/Tip60 ternary complex may then exert the transcrip- tional regulation functions (6, 27, 28) . Consistent with these reports, coexpression of Fe65 and AICD dramatically increased the level of AICD and suppressed the elevation of EGFR to a greater extent than did AICD overexpression alone (Fig. 4B) . Overexpressing Fe65 alone in APP/APLP2 DKO cells had minimal effect on the level of EGFR (Fig. 4B) . Because NICD has been well documented to act as a transcription factor for downstream gene expression regulation (4, 29), we also examined the possible effect of NICD by overexpressing mouse Notch1 N⌬E cDNA into APP/APLP2 DKO cells. N⌬E lacks the ectodomain of Notch1, which allows it to be processed in a ligand-independent manner by PS/␥-secretase to produce NICD (Fig. 4B and ref. 5) . In contrast to AICD, overexpression of Notch N⌬E/NICD had no effect on the cellular level of EGFR in cells lacking APP/AICD (Fig. 4B) , suggesting that Notch/ NICD is not involved in the regulation of EGFR expression. However, our conclusion does not contradict reported roles of Notch/NICD in tumorigenesis, a multifaceted process that involves multiple signaling events or pathways. Besides AICD and NICD, there are at least 20 other PS/␥-secretase-generated ICDs (1, 2). It is highly possible that some of these ICDs may also participate in regulating EGFR expression. This possibility is indeed suggested by our observation that the fold elevation in the mRNA level of EGFR in PS/␥-secretase-deficient cells is higher than that in AICD-deficient cells (9-fold vs. 5-fold; Figs. 3B and 4C, which were performed side by side) and requires further scrutiny.
AICD Binds to EGFR Promoter and Regulates EGFR Gene Expression.
Having shown that expression of AICD inversely correlates with the cellular level of EGFR, we next studied whether AICD directly regulates EGFR gene expression. We PCR-amplified a 1.2-kb fragment at the 5Ј-flanking region of the EGFR gene (SI Fig. 8A ) and subcloned it into a promoterless firefly luciferase reporter plasmid. This fragment possesses promoter activity as monitored by luciferase expression (SI Fig. 8B ). When this EGFR promoter fragment was cotransfected with AICD alone or AICD plus Fe65 into APP/APLP2 DKO cells, its ability to drive luciferase expression was dramatically reduced, strongly suggesting that AICD negatively regulates EGFR promoter activity (Fig. 5A) . Fe65 alone or Notch/NICD had little effect on EGFR promoter activity.
The key evidence supporting the functions of AICD in transcriptional regulation has mainly come from in vitro experiments studying promoter transactivation and is deemed controversial. A direct binding of AICD to the promoter of any given gene under the physiological condition has not been reported. Recently, several studies using ChIP assay have shown that, when APP is overexpressed together with Fe65 or Fe65/Tip60 in cells, the Fe65/AICD/Tip60 ternary complex can bind to the KAI1 promoter (6, 30) . To identify direct binding between the Fe65/ AICD/Tip60 complex and the EGFR promoter region in vivo under the physiological condition, we performed ChIP assay using brain lysates from WT C57/BL mice, in which endogenous brain AICD has been shown to be detectable (31) , and from APP/APLP2 DKO mice. After immunoprecipitation with antibodies against APP C-terminal region, Fe65 or Tip60, the collected DNAs were used as templates for PCR to amplify the EGFR promoter regions with different pairs of primers (SI Table  1 and SI Fig. 8A ). One pair of primers (EGFR-334-start/EGFR-671-stop) generated positive results from C57/BL mouse brain samples, showing that the DNA fragments immunoprecipitated by all three antibodies but not by normal rabbit IgG (as negative control) contain the EGFR promoter region (Fig. 5B Left) , proving that endogenous AICD can directly bind to the EGFR promoter in vivo. There were no positive PCR products generated from APP/APLP2 DKO mouse brain samples when APP antibody was used to immunoprecipitate the DNA (Fig. 5B   Right) . In addition, we performed a ChIP assay using WT embryonic fibroblast cells. As shown in Fig. 5C , both APP and Fe65 antibody immunoprecipitated EGFR promoter, whereas IgG failed to do so. Transcription factor AP-2␣, which has been known to bind to EGFR promoter (32), was used as the positive control for ChIP assay.
In summary, we demonstrate an inverse correlation between the level of EGFR and PS1/␥-secretase activity involving the transcriptional regulation of EGFR gene expression by the intracellular APP proteolytic product AICD. Our findings put forward the concept that ␥-secretase may function as a tumor suppressor through altering the EGFR pathway/signaling, which underscores the limitations of targeting ␥-secretase for diseases. The potential function of AICD as a transcription factor has previously been proposed but remains controversial. Our study presented herein provides direct evidence that PS1/␥-secretasegenerated AICD can bind to the EGFR promoter and negatively regulate transcription of EGFR gene. The identification of a mechanism by which biogenesis/metabolism of EGFR, a key target for cancer therapy, can be negatively regulated by AICD and PS/␥-secretase activity may enrich our understanding of the functions of APP/AICD, PS1/␥-secretase actions, and EGFRmediated tumorigenesis.
Materials and Methods

Mice. PS1
ϩ/Ϫ /PS2 Ϫ/Ϫ mice (19) and APP/APLP2 DKO mice (33) were kindly provided by H. Zheng (Baylor College of Medicine, Houston, TX). Mouse handling procedures were performed in Histology. Skin tumor tissues from PS1 ϩ/Ϫ /PS2 Ϫ/Ϫ mice were fixed in 10% neutral buffered formalin for 24-48 h, dehydrated, and stored in 70% ethanol at 4°C. Tissues were vacuum-embedded in paraffin, sectioned at 5 m, and stained with hematoxylin/eosin.
Plasmids, Transfection, and Immunoblot. Human PS1, APP 695, and Nct plasmids and mouse Notch1 N⌬E plasmid have previously been described (5, (34) (35) (36) . A cDNA fragment encoding the last 57 aa of APP C-terminal fragment with an additional start codon at the beginning was generated by PCR and inserted into pcDNA3.1/myc-His (Invitrogen, Carlsbad, CA) between the EcoRV and XbaI sites. The pcDNA-FLAG-Fe65 plasmid was kindly provided by T. Suzuki (Hokkaido University, Sapporo, Japan). Transfection was performed by using FuGENE 6 (Roche, Indianapolis, IN) or Lipofectamine 2000 (Invitrogen), following the manufacturers' instructions. For stable cell line establishment, plasmids were cotransfected with the pAG3zeo plasmid into cells and selected with zeocin. For Western blot, cells were lysed and equal amounts of proteins were analyzed and immunoblotted with specific antibodies. Rabbit anti-PS1 N terminus antibody Ab14, anti-APP C terminus antibody 369, and anti-Nct antibody 716 were developed in our laboratory (24, 36, 37) . Rabbit anti-EGFR antibody and mouse anti-myc antibody were from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-␣-tubulin, mouse anti-␤-actin, and rabbit anti-FLAG antibodies were from Sigma (St. Louis, MO).
Cell Surface Protein Biotinylation. To biotinylate cell surface proteins, cells were washed with ice-cold PBS containing 1 mM each of CaCl 2 and MgCl 2 and incubated at 4°C with 0.5 mg/ml Sulfo-NHS-LC-biotin (Pierce, Rockford, IL) for 20 min, and the process was repeated once. Cell lysates were prepared in Nonidet P-40 lysis buffer. After affinity precipitation with streptavidin beads (Pierce), the biotinylated proteins were eluted, loaded directly on gels for electrophoresis, and followed by Western blot analysis with anti-EGFR antibody.
␥-Secretase Inhibitor Treatment. ␥-Secretase inhibitor L-685,458 was from Calbiochem (La Jolla, CA) and dissolved in DMSO. To study the effects of ␥-secretase activity on EGFR level, cells were treated with 500 nM L-685,458 for 24-48 h before analysis.
Pulse-Chase of EGFR. To assay EGFR metabolism, cells were pulse-labeled with [ 35 S]methionine (500 Ci/ml) for 5, 10, or 15 min at 37°C and collected for analysis. In some experiments, cells were first labeled for 15 min and then washed with PBS and chased for indicated times. Cell lysates were immunoprecipitated with anti-EGFR antibody, followed by SDS/PAGE analysis and autoradiography.
Quantitative Real-Time PCR. Total RNA was extracted from cells by using TRIzol reagent (Invitrogen). The SuperScript FirstStrand kit (Invitrogen) was used to synthesize first-strand cDNA from the samples with an equal amount of RNA according to the manufacturer's instruction. Synthesized cDNAs were then amplified by using IQTM SYBR green supermix and ICycler from Bio-Rad (Hercules, CA), and the data were analyzed by using Bio-Rad MyIQ 2.0. Primers used for EGFR and ␤-actin amplification were EGFR-RT-5Ј/EGFR-RT-3Ј and actin-5/actin-3, respectively (see SI Table 1 for sequence of the primers). The level of EGFR mRNA was normalized to that of ␤-actin.
Luciferase Assay. We PCR-amplified a 5Ј-flanking region of the mouse EGFR gene by using genomic DNA from PS DKO cells as templates. Primers used were EGFR-21-start and EGFR-1242-stop (SI Table 1 ). After amplification, PCR products were inserted into the pCR2.1-TOPO vector (Invitrogen) for sequencing. The EGFR fragment was then resubcloned into the pGL3-enhancer vector containing the firefly luciferase gene (Promega, Madison, WI). Firefly luciferase vectors were cotransfected with phRL-SV40 containing the Renilla luciferase gene (Promega) into cells for 24-48 h. Firefly luciferase activities were assayed and normalized to those of Renilla luciferase.
ChIP. ChIP assays were performed by using a commercial kit (Upstate, Chicago, IL) following the manufacturer's instructions with minor modifications. Briefly, the brain tissues from WT C57/BL mice at 2-4 months of age or from perinatal APP/ APLP2 DKO mice were chopped into small pieces and incubated with 1% formaldehyde in the tissue culture media to cross-link proteins to DNA. Formaldehyde was also added directly into the culture media for cross-linking in WT fibroblast cells. The cell pellet was lysed and sonicated. After centrifugation, the supernatant was incubated overnight at 4°C with antibodies against APP C terminus (Invitrogen), Fe65 (Abcam, Cambridge, MA), Tip60 (Upstate), or AP-2␣ (Cell Signaling, Danvers, MA), and normal rabbit IgG (Upstate). After immunoprecipitation, the antibody/protein/DNA complex was incubated at 65°C for 4 h to reverse the protein/DNA cross-links. The DNA was purified and used as a template for PCR amplification. Different pairs of EGFR promoter primers were used for amplification (SI Table  1 and SI Fig. 8A ). PCR products were resolved on 2% agarose gels and visualized after ethidium bromide staining.
